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Abstract

Recent findings of podocyte shedding/podocyturia highlight the central signifi-

cance of podocyte injury in preeclampsia, a hypertensive disorder unique to

human pregnancy. To test the hypothesis that oxidative stress contributes to

kidney podocyte injury in preeclampsia, we specifically examined expression

and distribution of antioxidant CuZn-SOD with nephrin and podoplanin in

shed podocytes from women with preeclampsia. Human podocyte AB 8/13

cells served as control. We found that CuZn-SOD was localized at the front/

outreach region of nephrin at the cell periphery (foot process areas) in control

podocytes and expression of CuZn-SOD, nephrin, and podoplanin were all

dislocated or lost in shed podocytes from preeclamptic patients. We further

tested oxidative stress-induced nephrin shedding in podocytes, in which AB 8/

13 podocytes were cultured under lowered oxygen condition (2%O2) or trea-

ted with hypoxic mimicking agent cobalt chloride. Our results showed that

reduced nephrin and podoplanin expression were associated with downregula-

tion of CuZn-SOD expression in podocytes when cells were cultured under

lowered oxygen or hypoxic conditions. Nephrin shed in urinary specimen

from preeclamptic women was also determined by immunoprecipitation/im-

munoblotting. The molecular sizes of nephrin that corresponded to that were

lost when cells were cultured under hypoxic conditions. We concluded that

increased oxidative stress plays a significant role in inducing podocyte protein

shedding in preeclampsia.

Introduction

Proteinuria and glomerular endotheliosis constitute the

kidney lesion in preeclampsia, a hypertensive and multi-

system disorder in human pregnancy. In addition to the

classically coined endotheliosis (Spargo et al. 1959), podo-

cyte, glomerular visceral epithelial cell, injury has recently

been merged as an important kidney glomerular lesion in

preeclampsia. Evidence of podocyte injury includes

reduced podocyte-specific protein nephrin and synap-

topodin expression seen in kidney autopsy or biopsy

specimen from women who had preeclampsia (Garovic

et al. 2007a; Zhao et al. 2009), and shed podocytes found

in urinary specimen from pregnant women complicated

with preeclampsia (Garovic et al. 2007b; Aita et al. 2009;

Zhao et al. 2011). Our recent studies further revealed that

not only is podocyte shedding associated with severity of

the disease (Zhao et al. 2011), but also that urine levels of

nephrin and podocalyxin are correlated with the amount

of proteinuria in women with preeclampsia (Wang et al.

2012, 2015). These findings clearly indicate that podocyte

injury occurs in preeclampsia. Proteinuria is a signature

of podocyte injury. Therefore, there is no doubt that

podocyte shedding and podocyte-specific protein shed-

ding contribute to kidney pathology in this unique preg-

nancy disorder.
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Nephrin is a specific podocyte slit protein and is pro-

posed to be the backbone of the slit diaphragm (Tryggva-

son et al. 2006). Genetic mutation of the nephrin gene

during development has been demonstrated to be respon-

sible for the congenital nephrotic syndrome of Finnish

type (Kestil€a et al. 1998). In preeclampsia, nephrin

expression is reduced in podocytes (Garovic et al. 2007a;

Zhao et al. 2009) and loss of the major glycoprotein

nephrin from slit diaphragms is responsible for increased

plasma protein leakage in preeclampsia. Although it is

speculated that altered angiogenic factor VEGF and its

soluble receptor sFlt-1 may interrupt kidney glomerular

function in preeclampsia (Karumanchi and Lindheimer

2007), virtually little is known about the cause of podo-

cyte injury in this pregnancy disorder.

We previously reported that reduced nephrin and

podoplanin expression is associated with increased

nitrotyrosine staining and reduced superoxide dismutase

expression in kidney biopsy tissue sections from women

who had preeclampsia (Zhao et al. 2009). Nitrotyrosine is

a maker of increased oxidative stress and is formed when

a protein molecule is nitrated by peroxynitrite, which is

generated via the reaction of superoxide radical with free

radical nitric oxide. Superoxide dismutase is an antioxi-

dant enzyme to dismutate superoxide radicals within cells.

Thus, enhanced nitrotyrosine staining and reduced super-

oxide dismutase expression point out increased oxidative

stress and/or increased superoxide generation in kidneys

in preeclampsia. Podocytes express reduced form of

nicotinamide adenine dinucleotide (NADH), which is the

primary source for superoxide generation (Greiber et al.

1998). Therefore, sufficient antioxidant activity and

capacity could be critical to protect podocytes from

oxidative insult. CuZn-superoxide dismutase (CuZn-SOD)

is one of the three superoxide dismutases, which are

responsible for destroying free superoxide radicals and pro-

tecting cells from superoxide damage. In this study, we

tested our hypothesis that oxidative stress induces podocyte

injury and podocyte protein shedding in preeclampsia. We

examined CuZn–SOD expression and distribution associ-

ated with nephrin and podoplanin expression in shed

podocytes from women with preeclampsia. Effects of

hypoxia/oxidative stress on podocyte nephrin and podo-

planin expression were also assessed.

Materials and Methods

Chemicals and reagents

Medium RPMI 1640 was purchased from GIBCO, Carls-

bad, CA; Antibiotic-antimycotic solution, insulin-transfer-

rin-selenite (ITS) liquid media supplement, and protein-A

immunoprecipitation kit were from Sigma-Aldrich, St.

Louis, MO; Fetal bovine serum (FBS) was from Atlantic

Biologicals (Flowery Branch, GA); Cobalt chloride (CoCl2,

4532-02) was from Mallinckrodt Chemicals, Phillipsburg,

NJ; Antibody for Wilm’s tumor suppressor gene 1 (WT-

1, CAN-R9-56-2) was purchased from Epitomics, Burlin-

game, CA; Antibody against podocin (ab65291) was from

Abcam, Cambridge, MA; and antibodies against podopla-

nin (FL-162, sc-134482) and CuZn-SOD (ab52950) were

from Santa Cruz, San Diego, CA; Cy-3-conjugated sec-

ondary antibody was from Jackson Immunotech Lab,

Westgrove, PA; and Alex488-conjugated secondary anti-

body was from Molecular Probe/Invitrogen, Carlsbad,

CA; Anti-nephrin (ab58968) from Abcam was used for

immunofluorescent staining and Anti-nephrin (N-16, sc-

32532) from Santa Cruz was used for immunoprecipita-

tion/immunoblotting. Vectashield Mounting Medium

with DAPI was purchased from Vector Lab Inc., Burlin-

game, CA. All other chemicals were from Sigma unless

otherwise noted.

Urine specimen collection

Normal and preeclamptic pregnant women were recruited

when they were admitted to Labor and Delivery at the

University Health Hospital in Shreveport, Louisiana in

affiliation with Louisiana State University Health Sciences

Center in Shreveport (LSUHSC-Sh). The study was

approved by the Institutional Review Board (IRB) for

human research at LSUHSC-Sh. Normal pregnancy was

defined as an uneventful pregnancy with blood pressure

<140/90 mmHg and absence of proteinuria. Preeclampsia

was defined as elevated blood pressure (>140/90 mmHg)

on two separate occasions at least 6 h apart after

20 weeks of gestation, proteinuria of more than 300 mg

in a 24-h urine, or more than 1+ on dipstick of random

urine samples. Urine samples were collected after

informed consent was obtained. A total of 20 patients

were recruited in this study, 10 normal and 10

preeclamptic pregnancies. The clinical information of

normal and preeclamptic pregnant women, including

maternal age, racial status, blood pressure, body mass

index (BMI), gestational age at urine sample collection

and delivery, and delivery mode, is shown in Table 1.

None of the study subjects had signs of infection. Smok-

ers and pregnancies complicated by nephrotic syndrome

and/or diabetes were excluded from the study.

Podocyte extraction and culture

Freshly obtained urine specimens were centrifuged at 450 g

at 4°C for 5 min. Cell pellets were suspended and washed

twice with medium RPMI 1640. For culture, cell pellets

were incubated with medium RPMI 1640 supplemented
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with 10% FBS, antibiotic-antimycotic solution, and insu-

lin-transferrin-selenite (ITS) liquid media supplement as

previously described (Saleem et al. 2002). Cell suspension

was seeded into fibronectin-coated 6 well/plate for total

cellular protein collection or 24 well/plate on cover slips

for cell morphology study. Cells were incubated at 37°C
with 5%CO2 and air. The medium was changed every

other day. Immunofluorescent staining was performed

between 10 and 15 days after seeding.

Culture of human podocyte cell line AB 8/13
cells

AB 8/13 cells (conditionally immortalized human podo-

cytes) are an established human podocyte cell line, and a

kind gift from Dr. Moin A. Saleem at University of Bris-

tol, Bristol, UK. AB 8/13 cells were produced by transfec-

tion of both tsSV40 and human telomerase (hTert) to

primary human podocytes (O’Hare et al. 2001). AB 8/13

cells were cultured with medium RPMI 1640 supple-

mented with 10% FBS, antibiotics, and ITS liquid media

supplement as described previously. These cells proliferate

under the permissive temperature of 33°C driven by the

temperature – sensitive SV40 gene. Upon thermoswitch-

ing to the nonpermissive temperature at 37°C, SV40-T

gene is inactivated and the cells begin to differentiate.

After being cultured for 10–14 days, differentiated AB 8/

13 cells express slit diaphragm – specific markers such as

nephrin and synaptopodin, etc. (Saleem et al. 2002). Dif-

ferentiated AB 8/13 cells served as control to shed podo-

cytes from preeclampsia.

Induction of oxidative stress in podocytes

Oxidative stress was induced by two conditions on differ-

entiated AB 8/13 podocytes: (1) cells were cultured under

reduced oxygen condition, 2%O2/5%CO2 and balanced

with 93%N2 for 24 h, and (2) cells were treated with

cobalt chloride at 100 lmol/L for 2 h. CoCl2 is a hypoxic

mimic reagent, which can initiate oxygen-sensing signal

transduction pathway by upregulation and stabilization of

HIF1a expression (Goldberg and Schneider 1994; Maxwell

et al. 1999; Dai et al. 2012). Thus, CoCl2 has been widely

used as a hypoxic mimic reagent to induce oxidative

stress both in vivo and in vitro experiments (Goldberg

and Schneider 1994; Ma et al. 2011).

Immunofluorescent staining

Expression and distribution of nephrin, podoplanin, and

CuZn-SOD were examined by either single or dual

immunofluorescent staining. Briefly, cells grown on glass

cover slips were fixed with 2% paraformaldehyde in 4%

sucrose for 8 min at room temperature, followed by

washing 39 with 1% bovine serum albumin (BSA) in

phosphate-buffered saline (PBS), each for 5 min. After

blocking, cover slips were incubated with primary anti-

bodies, including WT-1, podocin, nephrin, podoplanin,

and CuZn-SOD, followed by matched secondary anti-

body. Secondary antibody was either Cy-3-conjugated or

Alex488-conjugated. After staining, cover slips were

mounted on glass slides with Vectashield Mounting Med-

ium with DAPI. Slides were reviewed under a fluorescent

microscope (Olympus IX-71, Japan). Images were cap-

tured with a digital camera linked to a computer with

imaging software PictureFrame (Uptronics Inc. Sunny-

vale, CA). Images were also captured by Apotome Obser-

ver (Carl Zeiss, Inc. Germany) and Z-stacking images

were reconstructed with Axiovision software (Carl Zeiss,

Inc.).

Nephrin and CuZn-SOD expression

Protein expression for nephrin and CuZn-SOD was also

determined by Western blot. For podocyte expression, an

aliquot of total podocyte cellular protein 10 lg per sam-

ple was run on a Mini-cell protein-3 gel running system

(Bio-Rad, Hercules, CA) and transferred to Hybond-pro-

tein transfer membranes (Amersham Corp, Arlington

Heights, Ill). The membranes were probed with primary

antibody to nephrin or CuZn-SOD overnight and then by

Table 1. Demographic data for normal and preeclamptic preg-

nant women.

Normal pregnancy

(n = 10)

Preeclampsia

(n = 10) P value

Maternal age (years) 26 � 5 27 � 4 NS

Racial status

White 2 2 NA

Black 7 8 NA

Other 1 0 NA

Gestational age (weeks)

Urine collection 38 � 2 32 � 4 P < 0.01

At delivery 38 � 2 33 � 3 P < 0.01

Blood pressure (mmHg)

Systolic 119 � 12 163 � 9 P < 0.01

Diastolic 68 � 8 94 � 12 P < 0.01

Proteinuria (-) 1+ - 4+ P < 0.01

BMI 31 � 6 35 � 9 P = 0.26

Delivery mode

Vaginal 2 1 NA

C-section 8 9 NA

Data are presented as mean � SD.

BMI: body mass index; NS: not significant; NA: not analyzed;

Proteinuria was expressed as dipstick.
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horseradish-peroxidase linked secondary antibody the fol-

lowing day. Bands were visualized with an enhanced

chemiluminescent detection kit (Amersham Corp.). b-
actin expression was determined to ensure an equal load-

ing of the samples.

Nephrin expression was also determined by immuno-

precipitation/immunoblotting in urinary specimen from

normal and preeclamptic pregnancies. Protein-A

immunoprecipitation kit (Sigma) was used following the

manufacturer’s instructions. Briefly, an aliquot of 10 mL

of urinary specimen was centrifuged at 1850 g for

10 min and then the clear phase of urinary specimen

was precipitated with nephrin-labeled protein-A beads.

The precipitated protein was run on SDS-PAGE and

transferred to a nitrocellulose membrane, which was

probed with nephrin antibody followed with the sec-

ondary antibody. The bound antibody was visualized

with an enhanced chemiluminescent (ECL) deletion kit

(Amersham Corp).

Results

Podocytes were found in urine specimen
from preeclampsia

Urine specimen was obtained from 20 pregnant women,

10 from normal and 10 from preeclamptic pregnancies.

After 10 days of culture, podocytes were grown in all cul-

tures from preeclamptic, but not in normal, urine speci-

mens. Podocytes were identified by positive expression of

podocyte markers including Wilm’s tumor suppressor

gene 1 (WT-1) and podocin. Figure 1 shows cells grown

in culture and cells stained with WT-1 and podocin,

which indicates shed cells in urine specimens from

women with preeclampsia are podocytes.

Reduced expression of nephrin, podoplanin,
and CuZn-SOD in shed podocytes from
women with preeclampsia

To determine if altered nephrin, podoplanin, and CuZn-

SOD expression is present in shed podocytes from

preeclamptic patients, expression and distribution of

nephrin, podoplanin, and CuZn-SOD was examined in

shed podocytes from preeclamptic pregnant women and

AB 8/13 podocytes. Figure 2 shows representative images

of nephrin, podoplanin, and CuZn-SOD expression in

shed podocytes in comparison to AB 8/13 podocytes.

Figure 2A shows images at a low magnification captured

by a fluorescent microscope and Figure 2B shows images

at a high magnification captured by Apotome Observer.

Consistent results were obtained. In control AB 8/13 cells,

nephrin expression is mainly localized and distributed at

the cell periphery in a punctuated pattern, corresponding

to the putative foot process areas, and podoplanin is

expressed on the cell surface. Interestingly, similar to

nephrin, CuZn-SOD is also primarily localized in the cell

periphery in a punctuated or continuous pattern in con-

trol differentiated podocytes, while in shed podocytes

from women with preeclampsia, nephrin was undetectable

C C1 C2

D D1 D2

WT-1 

Podocin

A B

Figure 1. Urine cells grown in culture and cells stained with WT-1 and podocin. (a) and (b) representative urine cells grown in culture,

bar = 100 lm; (c) and (d) cells stained with podocyte markers WT-1 (c) and podocin (d); c1 and d1 are DAPI staining and c2 and d2 are

merged of c and c1, and d and d1, respectively. B = 50 lm.
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at the cell periphery but seen in the cytosol. Similarly,

expression of podoplanin and CuZn-SOD were also

reduced or lost in shed podocytes from preeclampsia

compared with AB 8/13 differentiated podocytes (Fig. 2A

and B).

CuZn-SOD is localized at the cell periphery
area and closely related to nephrin
expression in differentiated podocytes

Since both nephrin and CuZn-SOD are localized at the

cell periphery in differentiated control podocytes, we

examined the association of CuZn-SOD with nephrin and

podoplanin in podocytes by dual immunofluorescent

staining. Again, our results showed that CuZn-SOD is

mainly expressed in the cell periphery in a punctuated or

continuous pattern. As shown in Figure 2C, expression of

nephrin and CuZn-SOD was detected at the cell periphery

in control podocytes. Interestingly, CuZn-SOD seems

localized at the front/outreach region of nephrin at the

cell periphery – foot process areas. Since CuZn-SOD is a

critical antioxidant to dismutate superoxide radicals, the

intimate relationship of nephrin with CuZn-SOD or

podoplanin in the foot process area suggests that CuZn-

SOD may likely exert a protective effect on slit diaphragm

against oxidative insult in podocytes.

Hypoxia downregulates nephrin and
podoplanin expression, which is associated
with loss of CuZn-SOD expression in
podocytes

Expression of CuZn-SOD was reduced or lost in shed

podocytes from preeclampsia (Fig. 2A and B). To deter-

mine if downregulation of nephrin and podoplanin

expression seen in shed podocytes from preeclampsia is

associated with reduced CuZn-SOD expression, effects of

oxidative stress on expression and distribution of CuZn-

SOD, nephrin, and podoplanin were then examined. Two

strategies were undertaken: (1) podocytes were cultured

A

Shed  
Podocytes 

Control 
Podocytes 

Nephrin           Podoplanin          CuZn-SOD  
a b c

d e f 

    Nephrin           Podoplanin         CuZn-SOD  

Control  
Podocytes 

Shed  
Podocytes 

a b c 

d e f 

B

Podoplanin       CuZn-SOD               DAPI                  Merge 
b b1 b2 b3 

a a1 a2 a3 

Nephrin           CuZn-SOD                DAPI                 Merge C

Figure 2. Expression of nephrin, podoplanin, and CuZn-SOD in control podocytes and in shed podocytes from women with preeclampsia. (A)

Comparison of nephrin, podoplanin, and CuZn-SOD expression between shed podocytes from preeclampsia and control podocytes. a–c: shed

podocytes; d–f: control podocytes. Nephrin, podoplanin, and CuZn-SOD are barely detectable on shed podocytes from preeclamptic patients.

Bar = 100 lm. (B) Three-dimensional reconstruction of Z-stacking images of nephrin, podoplanin, and CuZn-SOD on podocytes. a–c: shed

podocytes from preeclampsia; d–f: control podocytes. In control cells, both nephrin and CuZn-SOD are localized at cell periphery (d and f), the

presumptive foot process area; and podoplanin is expressed throughout the cell surface (e). Loss or reduced nephrin, podoplanin, and CuZn-

SOD expression are seen in shed podocytes from preeclampsia (A a–c; and B a–c, respectively). (C) Dual immunofluorescent staining of nephrin/

CuZn-SOD and podoplanin/CuZn-SOD in control podocytes. Both nephrin and podoplanin show close association with CuZn-SOD at the cell

periphery region. CuZn-SOD looks like a “stake” holding nephrin in place (arrow in a3). Similar pattern is also noticed for podoplanin and

CuZn-SOD, with the associated setting more pronounced at the cell periphery. “a” series: nephrin (a), CuZn-SOD (a1), DAPI (a2), and merge

(a3); and “b” series: podoplanin (b), CuZn-SOD (b1), DAPI (b2), and merge (b3).
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under 2%O2/5%CO2/93%N2 compared to cells cultured

under 5%CO2/air and (2) podocytes were treated with

hypoxic inducing agent cobalt chloride. Consistent results

were obtained in both experimental settings. Reduced

nephrin and podoplanin expression was associated with

downregulation of CuZn-SOD expression in podocytes

cultured under lowered oxygen condition (Fig. 3A) and

treated with cobalt chloride (Fig. 3B and C) compared to

untreated control cells.

Effects of oxidative stress mediated downregulation of

nephrin and CuZn-SOD expression were further con-

firmed by detection of protein expression through Wes-

tern blot. Figure 4A shows podocyte nephrin expression

in two representative independent experiments in which

cells were cultured with 5%CO2/air versus 2%O2. Two

molecular weight bands were detected for nephrin in cells

cultured with 5%CO2/air, one approximately at 185–
200 kDa and one around at 90–100 kDa. However, the

band at 185–200 kDa was lost and a weak 90–100 kDa

band was detected in cells cultured with 2%O2. Interest-

ingly, a band at about 55–60 kDa was also detected in

cells cultured under 2%O2 condition, but not in cells cul-

tured with 5%CO2/air. CuZn-SOD expression was also

downregulated in podocytes cultured under 2%O2 com-

pared to cells cultured under 5%CO2/air. These results

provided further evidence in which oxidative stress

induced downregulation of nephrin expression is associ-

ated with reduced CuZn-SOD expression in podocytes.

Nephrin shedding in preeclampsia

Figure 4B shows nephrin expression by immunoprecipita-

tion and immunoblotting in urine specimen from three

normal and three preeclamptic pregnant women. Nephrin

was detected in specimens from preeclamptic pregnant

women but not in normal pregnant women. Two bands

were detected in urine specimens from preeclamptic preg-

nant women, one approximately at 150 kDa and one at

       CuZn-SOD              Nephrin             Podoplanin  

Control 

Hypoxic 

a b c 

d e f 

A

       CuZn-SOD            Nephrin                Merge  

Control 

CoCl2 

c 

f 

c1 b1 

e 

e1 

b a 

d 

a1 

d1 f1 

B

Control 

        CuZn-SOD           Podoplanin           Merge 
c 

c1 b1 

b a 

a1 

CoCl2 

f e 

e1 

d 

d1 f1 

C

Figure 3. Oxidative stress downregulates CuZn-SOD, nephrin, and podoplanin expression in podocytes. Oxidative stress was induced by two

conditions: (1) cells were cultured under 2%O2; and (2) cells were treated with cobalt chloride, a hypoxic mimicking agent. (A) Podocytes were

cultured under 2%O2/5%CO2/93%N2 vs. 5%CO2/air, a–c: cells were cultured under 5%CO2/air; and d–f: cells were cultured under 2%O2.

Expression of CuZn-SOD, nephrin, and podoplanin were all reduced in podocytes cultured at 2%O2 condition. Bar = 100 lm. (B) and (C)

Three-dimensional reconstruction of Z-stacking images of dual immunofluorescent staining of nephrin with CuZn-SOD (B) and podoplanin with

CuZn-SOD (C) in podocytes treated with cobalt chloride compared to untreated control cells. The reconstructed 3-dimensional images are

viewed at two angles, (1) oblique, a–f series, and (2) lateral, a1-f1 series. In control cells, both CuZn-SOD and nephrin are located at the basal

sides of cell periphery region (a1–c1), while upon treatment of cobalt chloride, there is significant reduction of both CuZn-SOD and nephrin at

the basal side of the cell (d1–f1). Cobalt chloride treatment causes significant loss of podoplanin in conjunction with the reduction of CuZnSOD

compared with the control podocytes (C). AB 8/13 podocytes were used and these representative images were from at least 5–6 independent

experiments.
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about 90–100 kDa. Intriguingly, the 90–100 kDa band

detected in the urine specimens correspond to the band

detected in podocytes cultured under normoxic (5%CO2/

air) condition. These results suggest that shed nephrin

could be detected in the urinary specimen in women with

preeclampsia.

Discussion

Podocytes are a critical component of the glomerular bar-

rier structure. Podocyte shedding is a sign of glomerular

barrier injury (Karumanchi and Lindheimer 2007). We

recently found that the amount of podocyte shedding is

associated with the severity of preeclampsia (Wang et al.

2015). We also found that loss of podocyte nephrin

expression is linked to reduced anionic glycoprotein

podoplanin and altered polarity proteins PARD-3 and

PARD-6 expression and distribution in shed podocytes

from women with preeclampsia (Zhao et al. 2011). Again,

in the present study podocytes were detected in all

preeclamptic patients. Although the number of subjects

studied is small, the fact that shed podocytes were found

in urinary specimen from all preeclamptic patients, but

not from normal pregnant women, is significant and fur-

ther demonstrated podocyte shedding in preeclampsia.

Our results are consistent with what was previously

reported by Garovic et al. (2007b) (Craici et al. 2013). To

investigate the potential mechanism of podocyte injury in

preeclampsia, we specifically examined the association of

antioxidant CuZn-SOD with nephrin and podoplanin in

shed podocytes and tested our hypothesis that increased

oxidative stress contributes to podocyte injury in this

pregnancy disorder.

Nephrin is considered the backbone for the slit dia-

phragm (Tryggvason et al. 2006). It is a type I membrane

protein with a large extracellular domain and a short

intracellular tail. The extracellular domain is extensively

glycosylated. Appropriate localization of nephrin at the

foot process is essential for the filtration slit structure and

podocyte integrity (Yan et al. 2002). The renal barrier is

disturbed if nephrin is reduced or displaced from the slit

area. For example, nephrin was found to be redistributed

to the podocyte surface in glomerular proteinuric diseases

such as minimal change disease (Doublier et al. 2001).

Absolute absence of nephrin from slit diaphragms pro-

duces massive proteinuria in congenital nephrotic syn-

drome of Finnish type (Kestil€a et al. 1998). Altered

nephrin expression has also been demonstrated in several

glomerular-associated diseases including diabetic

nephropathy (Jim et al. 2012). However, it remains lar-

gely unknown how this integral slit protein nephrin

becomes dislocated/redistributed/reduced in acquired

glomerular disorders.

In this study, we found that CuZn-SOD seems localized

at the out front of the foot process area. The intimate

relationship of nephrin and CuZn-SOD found in our

study suggests that CuZn-SOD may protect slit protein

from oxidative injury. On the other hand, reduced CuZn-

SOD expression may interfere with function of the foot

process slit diaphragm in podocytes. This concept was

supported by our findings of downregulation of CuZn-

SOD and nephrin/podoplanin expression when podocytes

were challenged under hypoxic/oxidative stress condi-

tions.

Although we did not study the direct cause-effect rela-

tionship between CuZn SOD function and podocyte/

250 
150 
100 

75 

1    2    3     4    5    6   

Normal       PE 

Nephrin 

250 
150 
100 

75 

50 

M   1      2     3      4 

Nephrin 

CuZnSOD

-actin 

A B

Figure 4. Nephrin expression in podocytes cultured under hypoxic condition and detected in urine specimen from women with preeclampsia.

(A) Effects of hypoxia on podocyte nephrin and CuZn-SOD expression. Differentiated podocytes were cultured under 2%O2/5%CO2/93%N2

versus 5%CO2/air. Total protein was extracted and subject to SDS-PAGE. Lane 1 and 3: control cells cultured under 5%CO2/air; and lane 2 and

4: cells cultured under 2%O2. Two bands, one at 185–200 kDa and one at 90–100 kDa, were detected in control cells (lane 1 and 3). In

comparison, a weak band at 90–100 kDa and a lower molecular weight fragment around 55–60 kDa was detected in cells cultured with 2%

O2. CuZn-SOD expression was downregulated in cells cultured under 2%O2. (B) Detection of soluble nephrin expression in urine specimen from

preeclamptic, but not from normal, pregnancies. Nephrin was immunoprecipitated and immunoblotted. Lanes 1–3: normal pregnancies, and

lanes 4–6: preeclampsia. Two molecular weight bands 150 kDa and 90–100 kDa were detected in urine specimen from women with

preeclampsia.
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nephrin loss, using a low-oxygen culture condition or

cells treated with CoCl2 as a model of oxidative stress

condition in human AB 8/13 podocytes we observed an

interesting phenomenon that hypoxia (oxidative stress)

downregulates or induces dislocation of nephrin and

podoplanin from foot-process area to cytosol in podo-

cytes, which is associated with loss of CuZn-SOD expres-

sion in podocytes and mimics what we found in

podocytes-derived from patients with preeclampsia. Our

data suggest that reduced expression of intracellular

antioxidant CuZn-SOD might be one of the contributing

factors for podocyte functional protein reduction/redistri-

bution. This notion is supported by our immunofluores-

cent staining observations: (1) the intimate relationship of

CuZn-SOD and nephrin at the cell periphery of the foot

process area in control podocytes, and (2) reduction/dis-

location of CuZn-SOD and nephrin expression in shed

podocytes from preeclampsia and in control podocytes

exposed to hypoxic or oxidative stress conditions.

Increased oxidative stress could have significant impact

on podocyte integrity. Reduced antioxidant activity

induced by hypoxia would shift the oxidative hemostasis

to oxidative stress and subsequently impair podocyte

function. On the other hand, increased oxidative stress

may also disrupt the podocyte glycoprotein coating. Gly-

coproteins including nephrin, podocalyxin, podoplanin,

and glomerular epithelial protein 1 (GLEEP-1) are exten-

sively expressed in the slit diaphragm and/or on the cell

surface of podocytes, whereas significant reduction of

these glycoproteins is closely associated with increased

proteinuria in preeclampsia. All of them share similar fea-

tures of glycosylation in their extracellular domains, either

O-linked glycoprotein in the case of podoplanin or

N-linked glycoproteins in cases of nephrin, podocalyxin,

and GLEPP-1 (Yan et al. 2002). The integrity of these gly-

coproteins plays a critical role in maintaining renal bar-

rier function through their negative charges. We noticed

intracellular localization of nephrin in shed podocytes

from preeclampsia. Although, in this study we did not

investigate how nephrin protein is synthesized or translo-

cated from slit to cytosol or vise versa, a study by Yan

et al. (2002) provided a reasonable explanation, in which

these investigators found that the shortage of oxygen sup-

ply under the hypoxic treatment could lead to reduced

ATP generation. During nephrin synthesis, N-linked

oligosaccharides would be added to the newly synthesized

nephrin in the endoplasmic reticulum and undergo

proper folding for its final target at the plasma membrane

(foot process). Thus, the energy deficiency due to hypoxia

could interfere with chaperone machinery within the

endoplasmic reticulum and lead to retention of nephrin

within the cytoplasm instead of shifting to plasma mem-

brane of the slit diaphragm (Yang et al. 1996; Nakajo

et al. 2007). In fact, hemoglobin/free heme associated

with increased oxidative stress has been reported to con-

tribute podocyte injury associated with preeclampsia

(Gilani et al. 2017).

Increased oxidative stress induced downregulation of

nephrin expression and nephrin shedding in preeclampsia

was further demonstrated by nephrin expression detected

by western blot (Fig. 4A) and by immunoprecipitation/

immunoblotting of nephrin in the urinary specimen from

women with preeclampsia (Fig. 4B). Two molecular

weight bands 180–200 kD and 90–100 kD were detected

in the control podocytes and two molecular weight bands

150 kD and 90–100 kD were detected in the urinary spec-

imen from women with preeclampsia. Although we did

not determine the relationship between 180 and 200 kD

and 150 kD nephrin detected in the podocytes and uri-

nary specimen, the 180–200 kD nephrin was most likely

the mature form of nephrin and the 150 kD nephrin

could be the deglycosylated one (Yan et al. 2002; Khosh-

noodi et al. 2003). Interestingly, the molecular weight

fragment of 90–100 kDa nephrin protein detected by

immunoprecipitation/immunoblotting in urine specimen

from preeclamptic patients was corresponded to nephrin

band detected in podocytes that were cultured under

hypoxic condition. These findings provide plausible evi-

dence that oxidative stress is a contributing factor that

induces podocyte injury, podocyturia, and/or podocyte

protein shedding in preeclampsia. Since all urine samples

were centrifuged to remove shed podocytes before

immunoprecipitation, we believed that nephrin detected

in the urine samples was shed soluble form from podo-

cytes, not from shed podocytes. In addition, we also

detected a smaller molecular weight protein about 55–
60 kDa in hypoxic-treated podocytes. At this time we do

not know what the nature is for the 55–60 kDa nephrin

detected by western blotting in cells cultured under

oxidative stress, a similar 55–60 kDa nephrin band was

detected by (Khoshnoodi et al. (2007), in which terminal

sugar residues of N-linked nephrin glycans were identified

when digoxygenin-labeled lectins were used.

In summary, our previous study revealed increased

nitrotyrosine staining and decreased CuZn-SOD staining

in kidney biopsy tissues from women who had

preeclampsia (Zhao et al. 2009), suggesting increased

oxidative stress in kidneys in preeclampsia. In the present

study, we found that reduced nephrin and podoplanin

expression is associated with loss of CuZn–SOD expres-

sion in shed podocytes from preeclamptic patients. We

further found that increased oxidative stress could induce

podocyte nephrin shedding and cellular dislocation, which

corresponds to shed nephrin detected in the patient urine

specimen. Thus, our results provide plausible evidence

that increased oxidative stress is a contributing factor of
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podocyte injury and podocyte protein shedding in

preeclampsia.
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